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ABS TRACT 
In the development of the Self-deployable Deorbiting 
Space Structure (SDSS) [1][2] FEA are used to 
determine the stress state during the folding process of a 
given rectangular Highly Flexible Frame (HFF). The 
rectangular HFF is the load carrying structure in the 
SDSS. The stress state changes during the folding 
process of the HFF and this paper will determine the 
critical stress states. One of the important subjects in the 
stowed SDSS is the amount of stored strain energy in 
the HFF, and the amount of strain energy causes the 
pretension of the SDSS. To determine the pretension 
and stress stiffening in a given HFF, non-linear 
geometrical FEA are conducted.  
NOMENCLATURE 
𝐸 = Young’s  modulus , 𝑀𝑃𝑎  
𝑉 =  Volume, 𝑚𝑚3 
𝑟 =  Radius , 𝑚𝑚 
𝑡 =  T hickness, 𝑚𝑚 
ℎ =  Height , 𝑚𝑚 
𝜀 =  St rain 
𝜏 =  Shear s t ress, 𝑀𝑃𝑎  
𝜎 =  Normal s tress, 𝑀𝑃𝑎  
𝜎11 =  M aximum p rincipal stress, 𝑀𝑃𝑎  
𝐹𝑅  =  Force reaction, 𝑁 
𝑀𝑅  =  M oment reaction, 𝑁𝑚𝑚 
𝜃 =  Rot at ion, 𝑟𝑎𝑑 
𝛼 =  Angle, 𝑟𝑎𝑑 
𝑈 =  St rain Energy, 𝐽 
 
1 INTRODUCTION 
Deorbiting satellites after end of operation is important 
to minimize the risk of collision with space debris or 
other satellites. UN has proposed some guidelines  [3] 
for Space Debris Mitigation (SDM) as a result of this 
increasing risk, and this problem is growing due to the 
increasing number of satellites in orbit. In Low Earth 
Orbit (LEO) is it possible to use the low air density to 
achieve drag enough to deorbit satellites [4]. The SDSS 
use this potential for drag in LEO, and the simplicity 
and robustness for debris mitigation make it attractive in 
future satellites. The SDSS can be in hibernation for e.g. 
25 years, and the pretension in the HFF is retained to 
ensure deployment of the drag sail. Deploying large 
structures like Gossamer sails [5] are similar to the 
SDSS. The objective is to determine critical stress states  
and pretension in the HFF during the folding process . 
FEA of a given HFF will be used to determine stress 
states and the pretension stored in the structure.  
2 FOLDING PROCES S  OF A GIVEN HFF 
FEA are based on a HFF with a radius of 2000 𝑚𝑚  and 
the rectangular dimensions of the cross section are 4 
𝑚𝑚  in thickness and 10 𝑚𝑚  in height. Twisting a 
circular ring is a well-known principle and the SDSS 
use these principles to fold the HFF [6]. Fig. 1 shows 
the principle in folding the HFF where the left side in 
the circular ring is constrained against rotation in 3 
Degrees Of Freedom (DOF). The right side in the 
circular ring is constrained against rotation in 2 DOF 
and the last DOF is applied 2𝜋  rotation to obtain the 
folding.        
 
Figure 1. Principles in folding a HFF. The HFF is fixed 
in the left side and exposed to a 2𝜋  rotation in the right 
side.  
During the folding process is the HFF exposed to large 
deformations and these deformations depend on 
dimensions of the cross section. In Fig. 2 are the large 
deformations shown during the folding process. It 
should be noted that the radius is reduced three times 
during the folding process. The total strain energy is 
increasing during the folding, and 𝑀𝑅 ,𝑥 = 0 𝑁𝑚𝑚 when 
the HFF is folded.  
. 
 
 
Figure 2. Deformation of the HFF during the folding 
process and the undeformed shape is also shown.  
In the folding process are all 𝐹𝑅 = 0 𝑁 due to symmetry 
in the frame. When the HFF is folded the area of the 
circle is decreased 9 times compared to the original size. 
3 FEA OF FOLDING A GIVEN HFF 
An is o t rop ic material is  us ed  to  model the HFF, 
and  the cross sect ion  is  rectangular to  ob t ain  the 
correct  fo ld ing  proces s . The rad ius  res u lt s  in  an  
area on  12.6 ∙ 106 𝑚𝑚2 fo r the unfo lded  SDSS. 
𝐸 = 2 ∙ 105  𝑀𝑃𝑎 which  is  s imilar to  the st iffness  o f 
aus ten it ic  s tain les s  s teel and  th is  material is  
capab le to  withs tand  the hos t ile env ironment  in  
s pace. Dimens ion s  o f the cros s  s ect ion  are   
𝑡 = 4 𝑚𝑚  and  ℎ = 10 𝑚𝑚 and  the th icknes s  is  
o rien tated  in  the radial d irect ion. It  is  assumed that  
the HFF is  withou t  p res t res s  before it  is  fo lded . 
During  the fo lding process , the HFF is  expos ed  to  
two  buckling  loads  which  make  the FEA 
challenging to converge. To  achieve good results  a  
s t ructural non-linear geometric FEA  is  conducted . 
In  o rder to  make convergence eas ier  are con tact  
elements  not taken  in to cons iderat ion  in  the  FEA . 
The HFF is  allowed  penet rat ing  it s elf in  the FEA 
however it  is  in  conflict to the physical behav iour.  
In  the FEA  are 630 fin ite  s hell elements  us ed  to  
model the HFF. The 𝑀𝑅 ,𝑥 is  increas ing  rap id ly  in  
the firs t  part  o f the fo ld ing  proces s  where the 
ro tat ion  is  between  0 and  
𝜋
2
. W hen  the firs t  
buckling  load  is  ob tained  at  𝜃2 ,𝑥 ≈
𝜋
2
  the 𝑀𝑅 ,𝑥 is  
decreas ing  s ign ifican t . The vary ing  𝑀𝑅 ,𝑥  during  
the fo ld ing  proces s  is  s hown in  Figure 3. [7]      
 
Figure 3 . Ro ta tion  o f the HFF results in 
varying 𝑀𝑅 ,𝑥 . 
Through  the fo ld ing  proces s  the amount  o f s t rain  
energy increases and Eq . 1 s hows how to determine 
it . In  the firs t  part  o f the ro tat ion  up  t ill 
4𝜋
3
 the 
s t rain  energy is  nearly increasing linearly  and  th is  
is  ev iden t  in  Fig . 4. In  Fig . 4 it  is  illus t rated  that  
that  the  st rain  energy is  almost constant between 
4𝜋
3
 
and  2𝜋  and th is is  due to  the low 𝑀𝑅 ,𝑥 in  th is  part  
o f the fo ld ing proces s . The to tal s t rain  energy  is  
67 𝐽 when  the HFF is  fo lded . Analys es  and  
determination o f the st rain  energy is  important due 
to  the p retension and st ress  s t iffen ing  in  the HFF.    
𝑈(𝜃𝑥 ) = ∫ 𝑀𝑅 (𝜃𝑥 ) 𝑑𝜃𝑥
𝜃𝑥
0
=
1
2
 𝑉 𝐸 𝜀(𝜃𝑥 )
2 
(1) 
 
 
Figure 4. The folding process of the HFF results in 
increasing strain energy.  
 
 
. 
 
4 S TRES S  ANALYS IS  OF HFF DURING 
FOLDING PROCES S  
Stresses are analyzed during the folding process, and 
critical points on the HFF are of interest. In the folding 
process is the HFF exposed to a complex stress state and 
high stresses are not necessarily equivalent to high 𝑀𝑅 ,𝑥. 
Normal and shear stresses are varying non-linear in the 
HFF during the folding. Equivalent stresses in the HFF 
are analysed and certain regions are of interest due to 
the high stress level. Stresses are retrieved from the 
nodes. From the FEA it can be concluded that two 
regions are exposed to a high equivalent stress level 
during the folding. These regions are denoted point A 
and point B on the HFF and these are illustrated in  
Fig. 5. The regions are located in following angles,  
A: 𝛼 = [
3𝜋
4
,
5𝜋
4
] and B: 𝛼 = 𝜋 .    
 
Figure 5. In this part of the folding process is the 
equivalent stress level highest in region A.   
In Fig. 6 is it evident that the equivalent stresses are 
increasing rapidly at the start of the folding process. In 
point A the equivalent stresses  are peaking with 
467 𝑀𝑃𝑎 when 𝜃2,𝑥 ≈ 4.5 𝑟𝑎𝑑 . However the equivalent 
stresses are higher in point B during the folding process  
and it peaks with 489 𝑀𝑃𝑎 when 𝜃2,𝑥 ≈ 3 𝑟𝑎𝑑 . After 
the HFF is folded the equivalent stress  are almost 
uniform in all nodes due to the circular shape and 
because contact elements are not taken into 
consideration. The equivalent stress peak in point B, is 
22 % higher compared to the equivalent stresses level 
when the HFF is folded.  
 
Figure 6. Shows the equivalent stress in points of 
interest on the HFF during the folding process.  
Orientation of the principal stresses are analyzed during 
the folding process, and these are interesting when HFF 
is folded 𝜃2,𝑥 = 𝜋. In this position the maximum and 
minimum principal stresses are orientated 
𝜋
4
 compared to 
the beam axis. This is easily seen on Fig. 7 where the 
vector principal stresses are illustrated, and the HFF is 
rotated 𝜃2 ,𝑥 ≈ 𝜋. That means that shear stresses are 
highly present in this part of the folding process. 
Orientation of the principal stresses is  varying and both 
bending and shear appears during the folding process .  
 
Figure 7. The principal stresses are orientated as 
follows when the HFF is rotated 𝜃2 ,𝑥 ≈ 𝜋.  
In Fig. 8 the maximum principal stresses  are illustrated 
and in point A, peaks the maximum principal stresses 
with 463 𝑀𝑃𝑎 and in point B it peaks with 432 𝑀𝑃𝑎. 
Compared to the equivalent stresses where point B was 
the critical point is it now point A when maximum 
principal stresses are compared. The maximum principal 
stress in point A is  16 %  higher when it peaks 
compared to the maximum principal stress level when 
the HFF is folded.  
. 
 
 
Figure 8. Maximum principal stresses in the two points 
of interest during the folding.  
The non-linear behavior of the maximum principal 
stresses during the folding of the HFF is important to 
determine critical steps in the folding process.  
5 DIS CUS S ION 
The stresses determined from FEA are essential as these 
are required in an optimized design of the HFF. Stresses 
depend highly on the cross-sectional dimensions, and 
the diameter of HFF and the peak values are important 
to take into consideration. Other folding principles may 
reduce the stress peaks and therefore interesting to 
study. 9 foldings of the HFF is the next step in the 
process, and stress levels will increase significantly due 
to the folding of the HFF. Results from FEA depend 
highly on the boundary conditions applied the structure, 
and other boundary conditions can lead to higher or 
lower stress levels in the folding process .  
6 CONCLUS IONS  
From the results, it is proved that non-linear stress levels 
are present in the HFF during the folding process. These 
stress levels are important to know in the design of the 
HFF. Change in orientation of the principal stresses are 
identified, and these changes are important if an 
orthotropic material is used for the HFF.  It is shown 
that a high 𝑀𝑅 ,𝑥 not necesarely is equivalent to high 
principal stresses. It is proved that the equivalent stress 
levels during the folding process is higher than at the 
end of the folding process. When the HFF is folded, it is 
proved that the HFF is in a quasi-static state due to the 
nearly constant strain energy level.    
From the analysis of pretension and stress stiffening is it 
now possible to make a dynamic analysis of the 
unfolding process. This process is an important part in 
further development of the SDSS.    
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